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and Stephen C Harrison* 
Background: Simian virus 40 (SV40) and murine polyomavirus (polyoma) are 
non-enveloped DNA tumor viruses. Their structurally similar caps ids, about 
500 A in diameter, are formed by 72 pentamers of the major coat protein VP1 . 
Results: We describe in this paper the structure determination of SV40 and 
polyoma at 3.8 A resolution, focusing particularly on methodological issues, and 
on a comparison of the overall molecular organization in the two related virus 
particles. Initial phases for SV40 were obtained by single isomorphous 
replacement at 6.5 A. Phases were refined and the resolution extended to 3.8 A 
by a combination of strict 5-fold and partial 30-fold electron-density averaging. 
The structure of polyoma was subsequently determined by systematically 
translating and rotating the individual VP1 pentamers, in order to find the 
maximum correlation between calculated and observed structure factors. The 
resolution was then extended to 3.8 A, also by phase refinement through 
electron-density averaging. 
Conclusions: The strategies for density averaging and for molecular 
replacement, used to determine the SV40 and polyoma structures, are likely to 
be generally useful. The individual building blocks, the VP1 pentamers, are 
essentially identical in both cases, as are the local details of theil"interactions 
with neighboring pentamers. Nevertheless, the arrangement of the pentamers 
with respect to each other is somewhat different in the two viruses. Whereas 
SV40 is almost spherical, with all pentamers at identical radii, the pentamers in 
polyoma that lie on icosahedral fivefold axes are displaced outward by about 5 A. 
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Introduction 
Simian virus 40 (SV40) and murine polyomavirus (polyoma) 
are representatives of the polyomavirus family, which also 
includes the human JC and BK viruses [1]. Polyomaviruses 
are small, non-enveloped viruses that package a circular 
DNA minichromosome. The SV40 and polyoma capsids 
consist of 72 pentamers of viral protein-1 (VPl) arranged at 
the vertices of a T=7d icosahedral lattice [2]. Each pen-
tamer is associated with a single copy of an internal protein 
- VP2 or VP3. VP3 is identical to the C-terminal two-thirds 
ofVP2, and a sequence near the common C terminus deter-
mines the association with VP1 [3]. Twelve of the VP1 pen-
tamers are centered on the 5-fold axes of the icosahedral 
point group. These pentamers have strict 5-fold symmetry, 
and we refer to them as 'strict' pentamers. The remaining 
sixty pentamers are centered on the six-coordinated posi-
tions of the T = 7 d icosahedral lattice. Their 5-fold symmetry 
is therefore purely local, and their interactions with neigh-
bors are determined by their six-coordinated surroundings. 
We refer to them as 'local' pentamers. An overview of the 
architecture of the particles is given in Figure 1. 
The determination of the atomic structures of SV40 and 
polyoma was originally motivated by puzzles presented by 
their low-resolution architecture, which does not conform 
to the quasi-equivalence theory proposed by Caspar and 
Klug [4]. The first report of a molecular-resolution struc-
ture [5] resolved the puzzle, by showing that nearly all 
pentamer-pentamer interactions involve an extended 
C-terminal arm (about 60 residues) of VP1, which inserts 
into the folded structure of one of the subunits in a neigh-
boring pentamer. Thus, the capsid is 'tied' together by 
these C-terminal extensions, and the problem of evolving 
multiple states for pre-folded complementary surfaces is 
avoided. The key characteristic of this sort of linkage is 
that the rigid parts of the pentamer assembly units can be 
joined with complete specificity but without a uniquely 
fixed relative orientation. A pentamer can therefore be 
tied in essentially equivalent ways to neighbors that are 
not related to each other by 5-fold symmetry. Another 
consequence of tying together the pentamers by extended 
arms is that two very closely related structures, such as 
SV40 and polyoma, which have 54% identity in their VP1 
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Figure 1 
Schematic representation of the T =7d icosahedral lattice of SV40. The 
six VP1 pentamers that project from the virion surface and make up the 
crystallographic asymmetric unit of the space group 123 are represented 
by small disks. One pentamer is centered at a strict icosahedral 5-fold 
symmetry axis (S5); the remaining five pentamers have only local 5·fold 
symmetry (L5). Axis S5 is valid for the entire particle, whereas axis L5 is 
only valid for the invariant (core) part of the pentamer centered on it. The 
icosahedral asymmetric unit (one-fifth of the crystallographic asymmetric 
unit) is shown shaded. It is a pyramidal volume, with its apex at the 
origin (white sphere) and with its edges defined by adjacent 5·fold, 3-
fold, and 2-fold axes. The Patterson asymmetric unit is half this volume. 
Also outlined is the asymmetric unit of space group 1222 (bold lines) 
that was used for computational purposes and contains 3 x 6=18 
pentamers (one-quarter of the virion) in the asymmetric unit. 1222 is a 
subgroup of the true SV40 space group, 123. 
amino acid sequences, can differ noticeably in the exact 
positioning of the pentamers in the capsid. 
Both SV40 and polyoma crystallize in the cubic space 
group 123 [2,6] with similar unit cell dimensions. The 
crystallographic asymmetric unit contains one strict and 
five local pentamers. The icosahedral asymmetric unit, 
which has the shape of a pyramid, comprises six VP1 
monomers: one-fifth of a strict pentamer and one local 
pentamer, where the position of the latter defines the 
handedness of the T = 7 lattice (Fig. 1). Thus, the crystallo-
graphic asymmetric unit is 5-fold redundant. Because the 
six VP1 monomers in the icosahedral asymmetric unit 
have largely identical structures, the crystallographic 
asymmetric unit also has partial 30-fold redundancy. The 
crystallographic approach we have used to determine the 
structures of SV40 and polyoma has exploited both the 
strict 5-fold and the partial 30-fold redundancies. 
Although both viruses are constructed of almost identical 
building blocks (the VP1 pentamers), the orientations of 
these building blocks with respect to each other are suffi-
ciently different that determination of the polyoma struc-
ture depended on molecular replacement (using SV40 as 
the model) with an independent translation and rotation 
search for each pentamer. The procedures used in deter-
mining both structures are broadly relevant to crystallo-
graphic analyses of large assemblies, especially to those in 
which essentially invariant domains are linked by more 
flexible connectors. We also discuss the structural differ-
ences between SV40 and polyoma that are discernible at 
intermediate resolution. The structure of SV40 at 3.8 A 
resolution, obtained by the procedure outlined in this man-
uscript, has been presented previously [5], and a prelimi-
nary account of polyoma at 3.65 A has also been published 
[7]. The models of SV40 and polyoma at 3.8 A resolution 
have served as starting points for refinement at higher res-
olution. These more accurate structures and their implica-
tions for virus assembly and receptor binding are discussed 
in two accompanying papers [8,9], as are the features that 
distinguish the two viruses at the atomic level. 
Results 
Determination of heavy-atom positions in SV40 using 
icosahedral symmetry 
The SV40 crystals belong to space group 123 (a=558 A) 
and contain 30 VP1 monomers (six pentamers) in their 
crystallographic asymmetric unit. Starting phases were 
obtained from a single heavy-atom derivative (CH3Hg+). 
The native data used in the initial structure determination 
extended to a resolution of 3.8 A, and the derivative data 
extended to 6.5 A (with very incomplete data to 4.5 A). 
The data statistics are shown in Table 1. 
The heavy-atom positions were determined with a Patter-
son symmetry sum function [10,11]. For each heavy-atom 
site, icosahedral symmetry generates 59 related positions 
and hence a set of 60 x 59 = 3540 non-origin vectors, of 
which 155 are in the asymmetric unit of the Patterson 
space group Iml The average values of the Patterson 
function at these 155 positions give an estimate of the 
likelihood that a heavy atom is at the site used to generate 
the positions. The averaging procedure of Bricogne [12] 
was modified to compute this sum function. A grid was 
defined within the Patterson asymmetric unit (Fig. 1), and 
the appropriate 155-fold averaged value of the Patterson 
vectors was assigned to each grid point. Contributions 
from points too close to Patterson origin peaks were 
omitted from the average; a distance cutoff of three times 
the resolution was used. A part of this function is shown in 
Figure 2. It has peaks related by a localS-fold axis at 
roughly the expected locations for a local pentamer (the 
six-coordinated vectors of a T = 7 lattice). These initial 
heavy-atom positions were refined using origin-removed 
Patterson coefficients [13] and then used to calculate a 
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Table 1 
Data collection and phase refinement. 
Resolution range (A) 20-3.8 11.2-7.9 7.9-6.5 
SV40 
Coverage* 0.90 0.99 0.99 
Rmerge 
t 0.24 0.11 0.23 
Phasing power (CH3Hg+)* 1.29 1.85 1.67 
Final statistics of NCS phase refinement 
Averaging R§ 0.22 0.07 0.13 
Correlation# 0.89 0.99 0.96 
Polyoma 
Coverage* 0.58 0.70 0.75 
Rmerget 
Final statistics of NCS phase refinement 
0.23 0.11 0.18 
Averaging R§ 0.18 0.07 0.13 
Correlation# 0.93 0.98 0.94 
*Coverage: fraction of reflections measured. tRmerge=~h~;I'hi-'hl/~h'hi 
where h are unique reflection indices, 'hi are intensities of redundant, 
symmetry-related reflections of index h, and 'h is the mean intensity for 
reflections of index h. *Phasing power is the mean value of heavy-atom 
structure-factor amplitudes divided by the residual lack of closure error. 
Figure 2 
Slab (-10 A thick) taken from one icosahedral asymmetric unit of the 
Patterson sum function projected along the crystallographic 2-fold axis. 
The portion shown here is plotted from several sections normal to the 
2-fold axis, between distances of 215 A and 225 A from the origin. 
The black dots mark the final refined heavy-atom positions. Peaks 
around the mirror planes that frame this triangle were suppressed 
when plotting the figure. Such peaks tend to accumulate at special 
positions in the sum function. 
difference Fourier map, which revealed additional heavy-
atom binding sites. By iterating this procedure, we 
eventually found 24 sites in one icosahedral asymmetric 
unit, corresponding to 120 sites in the crystallographic 
asymmetric unit or four sites per VP1 monomer. 
Proper non-crystallographic averaging 
The single isomorphous replacement (SIR) map at 6.5 A 
showed the inner and outer boundaries of the viral shell 
and the protruding 'towers' of the strict and local 
6.5-5.6 5.6-5.0 5.0-4.6 4.6-4.2 4.2-4.0 4.0-3.8 
0.99 0.98 0.98 0.95 0.85 0.50 
0.32 0.31 0.32 0.37 0.42 0.41 
1.21 0.97 0.80 
0.19 0.19 0.21 0.29 0.37 0.41 
0.89 0.88 0.86 0.73 0.64 0.70 
0.70 0.68 0.60 0.55 0.46 0.20 
0.25 0.32 0.37 0.44 0.52 0.56 
0.17 0.20 0.21 0.25 0.27 0.27 
0.88 0.84 0.79 0.68 0.61 0.62 
pentamers. Since the directions of the strict non-crystallo-
graphic symmetry (NCS) axes (S5) are defined unambigu-
ously by the relationship between the icosahedral point 
group and the crystallographic point group, we were 
readily able to improve the SIR phases by 5-fold icosahe-
dral averaging [12]. An initial envelope was defined by a 
spherical shell between radii of 160 A and 220 A, aug-
mented by towers along S5 and the localS-fold symmetry 
axis (L5), and bounded by the triangular limits of the 
icosahedral asymmetric unit (see Fig. O. 
The averaging procedure started with the SIR map at 6.5 A 
resolution. Densities inside the envelope were averaged 
5-fold; those outside were set to the average value. Con-
vergence was reached after five cycles. In cycles three to 
five, (2F obs-F calc) coefficients were used to generate maps, 
and F calc terms were substituted for missing Fobs' The reso-
lution was then extended stepwise by 5-fold averaging to 
5 A and then to 4.5 A. The SIR phases were used at the 
first cycle to phase the terms in the added resolution shell. 
Improper non-crystallographic averaging and phase 
extension 
The l3-strands of the jelly-roll domain of VPl and parts of 
the interactions between pentamers were clearly visible in 
the 5-fold averaged electron-density map at 4.5 A resolu-
tion. Although of reasonable clarity, the map did not 
permit tracing of the complete polypeptide chain, and res-
olution extension to 3.8 A by 5-fold averaging failed to 
make significant improvements. The map did show, 
however, that the core of the local pentamer had a perfect 
5-fold symmetric strucrure and that its features were strik-
ingly similar to those of the core of the strict pentamer. 
The invariant core of both strict and local pentamers 
appeared to account for most of their volume. The 5-fold 
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axis L5 that passes through a local pentamer is valid for 
only its core structure, because the pentamer is sur-
rounded by six other pentamers (Fig. 1). We therefore 
decided to average over all 30 copies of the invariant core 
regions in the asymmetric unit, a procedure that takes 
advantage of 30-fold redundancy in that part of the struc-
ture, as opposed to only 5-fold redundancy for the remain-
ing regions. An accurate relationship between L5 and S5, 
vital for successful 30-fold averaging, was obtained from 
the heavy-atom positions, which were further refined 
against the phases improved by 5-fold averaging at 4.5 A. 
NCS averaging [12] for phase refinement and phase 
extension was performed in three steps: 30-fold averaging 
of the invariant region; 6-fold expansion; and 5-fold aver-
aging of the complete structure. A schematic overview of 
the process is shown in Figure 3. The final R-factor was 
Figure 3 
Previous cycle 
Envelope of one 
invariant part I 
of pentamer 
30·fold averaged density 
in one invariant part of 
pentamer 
III 
5(15)·fold 
average 
0.22. The statistics for the phase extension procedure are 
given in Table 2. 
A comparison of the phases obtained through partial 30-fold 
averaging and only 5-fold averaging with the more accurate 
phases taken from the refined model at 3.1 A [8] shows that 
the 30-fold averaging did indeed improve the phases sub-
stantially. Not surprisingly, the final electron-density map 
based on 30-fold averaging was clearer than the map based 
on only 5-fold averaging. It showed more continuous 
density, well resolved r3-strands, and the direction of many 
side chains, and it allowed us to trace the chain. 
Structure determination of polyoma 
The space group and cell parameters of the polyoma crys-
tals (123, a=570 A) are closely related to those of SV40, and 
the icosahedral symmetry of the particles necessarily 
Labeled 
envelope 
of invariant 
parts of 
pentamers 
II 
6(18)·fold 
average Envelope of 114 virus 
particle 
pentamer was expanded 18·fold. This 
expansion was carried out in two steps: a 
6·fold expansion to generate the asymmetric 
unit of space group 123 (the true space group), 
and a further 3·fold expansion to generate the 
asymmetric unit of space group 1222, which 
was used for computational purposes. In step 
III, the rest of the viral shell at radii >160 A was 
averaged 5·fold within the 123 asymmetric unit 
and expanded 3·fold into the 1222 asymmetric 
unit. Finally, the two averaged maps were 
merged, and new phases were calculated 
based on the merged map. In practice, the 
algorithm was applied as follows. An envelope 
was defined to cover the clearly invariant parts 
of the pentamer, and an exactly complementary 
envelope was drawn to cover the remaining 
volumes of the viral shell. These envelopes 
were used for 30·fold averaging of the invariant 
regions and 5·fold averaging of the remaining 
parts. Fourier coefficients were calculated for 
the merged, averaged map, and the calculated 
phases were combined with Fobs' using a 
modified Sim weighting procedure [25], to start 
the next cycle. The first round of 30·fold 
averaging was carried out at 4.5 A, using the 
phases obtained from the final round of 5·fold 
averaging. The resolution was then extended 
stepwise to 3.8 A. At each resolution, 
reflections were added in shells of 2 Miller 
indices, and the procedure shown was iterated. 
Convergence at each step was monitored by 
calculating R·factors between Fobs and F calc 
from the averaged map and by the mean phase 
change at the end of each cycle. In general, five 
cycles were performed at each step, using Fobs 
coefficients for the first two cycles and 
Next cycle 
30·fold averaged 
density in one 
asymmetric unit 
Flow diagram for the averaging procedure 
combining 30·fold and 5·fold averaging. The 
invariant parts of pentamers were averaged 
30·fold and the remaining volumes were 
averaged 5-fold. In step I, densities in the 
5·fold averaged 
density in one 
asymmetric unit 
Observed 
structure 
amplitudes 
invariant part, defined by an envelope covering 
the invariant part of one pentamer, were 
averaged 30·fold and reconstructed on an 
arbitrary intermediate grid. In step II, the 
averaged density of the invariant part of a 
(2F obs -F calc) coefficients for the remaining 
three. Several cycles of 5·fold refinement were 
then carried out at 3.8 A, in order to relax the 
constraint of perfect identity between 
pentamers centered at L5 and S5. 
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Table 2 
Comparison of SV40 phases obtained from 5-fold and partial 30-fold averaging. 
Resolution (A) Phase difference (0) R-factor# 
SIR*-5-foldt SIR-30-fold* 5-fold-30-fold 5-fold-model§ 30-fold-model 5-fold 30-fold 
11.2-7.9 56 56 6 47 48 0.08 0.07 
7.9-6.5 64 63 20 52 48 0.16 0.13 
6.5-5.6 76 71 44 61 51 0.25 0.19 
5.6-5.0 77 77 49 65 50 0.26 0.20 
5.0-4.6 77 80 61 71 52 0.28 0.21 
4.6-4.2 78 85 82 85 76 0.33 0.29 
4.2-4.0 89 91 92 0.43 0.37 
4.0-3.8 89 91 88 0.52 0.42 
Overall 70 70 55 70 64 0.27 0.22 
*SIR: phases from single isomorphous replacement. t5-fold: phases after cycles of 5-fold non-crystallographic averaging. *30-fold: phases after 
cycles of partial 30-fold non-crystallographic averaging. §Model: phases calculated from refined model at 3.1 A [8]. #R-factor=:£hIlFol-IFcll!:£hIFol. 
requires that they are oriented in their unit cells in the 
same way_ The very similar unit cell dimensions and the 
high degree of amino acid sequence identity (about 54%) 
suggested that the 8V40 model would be a good starting 
point for determining the polyoma structure by molecular 
replacement. Initial phases for polyoma were obtained by 
reconstituting the 8V40 electron-density map in the 
polyoma cell; the corresponding R-factor was 0.61 
(20-8 A). After nine cycles of 5-fold non-crystallographic 
averaging at 8 A, the R-factor dropped to 0_17 (correlation 
coefficient=0.91); the overall phase change was 45°. Phases 
were then extended to 6.5 A by merging the refined 
polyoma phases at 8 A with the calculated phases from 
8V40 between 8 A and 6.5 A and averaging to convergence. 
This phase extension proved disappointing. The 5-fold 
symmetry of the density for the local pentamer in particu-
lar was not very well preserved, and we concluded that the 
transformation relating 85 and L5 needed correction. 
Using the display program FRODO [14], an SV40 pen-
tamer was moved manually into the averaged polyoma 
map at 6 A. From this starting point, the pentamer ~odel 
was then shifted (both in orientation and position) by 
small increments, calculating structure factors from the 
model at each position and using the correlation coeffi-
cient between F calc and Fobs to determine the fit. Both the 
local and strict pen tamers were treated in this way. In the 
latter case, only the rotation about the 85 axis and the 
translation along it are adjustable. This approach allowed 
us to find the best orientations and translations, as judged 
from the maximum correlations, for both pentamers; it 
also proved that the relationships between strict and local 
pentamers are rather different in SV40 and polyoma. To 
illustrate this procedure, we show the results of the trans-
lation search in Figure 4. The matrices calculated from the 
best solutions were then used for phase extension through 
partial 30-fold averaging to 3.8 A resolution, using the 
same procedure as described for SV40. 
Figure 4 
0.36 
0.34 
C Q) 
'0 0.32 
ti= 
'Q) 
0 
() 
c 0.30 0 
.~ local pentamer 
~ 
0 0.28 0 
0.26 
-3 -2 -1 0 2 3 4 
Shift along z-axis (A) 
Results of the adjustment of the SV40 pentamers in the polyoma cell. 
Only the translation search is shown (the curves for the rotation search 
also show clear maxima). The best position for both strict and local 
pentamers is evident from the maximum correlation coefficient. The 
shifts indicated are along the 5-fold symmetry axis (S5 for strict 
pentamers and L5 for local pentamers), 
Structural differences between SV40 and polyoma at low 
resolution 
The structures of 8V40 and polyoma have now been 
refined at higher resolution, and they are described in 
detail in two accompanying papers [8,9]. Here, we focus 
on the differences at low resolution. Both particles can be 
described as roughly spherical with the outer parts of the 
VPl pentamers, the building blocks of the virion shells, 
projecting like towers. The core structure of the VPl pen-
tamers, the arrangement of these pentamers on the icosa-
hedral lattice, and the different types of interpentamer 
contacts of 8V40 [5] are largely preserved in polyoma. The 
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most significant differences are seen in the structures of 
the loops at the virion surface. 
The difficulties encountered when using the SV40 model 
for the structure determination of polyoma (see above) 
showed, however, that the orientation of their pentamers 
with respect to the icosahedral axes is somewhat different. 
As expected, SV40 and polyoma do not superimpose satis-
factorily; in fact, only the two-helix contact between 
monomers 13 and 13' superimposes well (see legend to 
Fig. 5, as well as Fig. 1 of the following paper [8], for 
nomenclature of VP1 monomers and a description of the 
contacts). The axes of the local pentamers are at different 
angles in SV40 and polyoma; the local pentamer of 
polyoma has swung outward, away from the particle origin, 
by as much as 4 A. Concomitantly, the strict pentamer of 
polyoma is shifted by about 5 A along the icosahedral 
5-fold symmetry axis, also away from the particle center. 
The differences are shown schematically in Figure 5. 
All VP1 pentamers of SV40 have roughly similar distances 
to the particle center, rendering the virus almost perfectly 
spherical, whereas the corresponding values for polyoma 
are less uniform, giving its capsid a somewhat polyhedral 
appearance (Fig. 5). The differences can be described by 
hinge-like relationships at two positions (labeled A and B 
in Fig. 5). Hinge A is centered at the interface between a 
Figure 5 
pentamers 
Schematic representation of pentamer packing in SV40 and polyoma, 
viewed in a cross section taken along a plane that contains both the 
strict (S5) and one of the neighboring local (L5) axes (see Fig. 1). 
Pentamers are represented by large rectangles with those from 
polyoma shown shaded. The two particles share the same origin and 
have the same orientation in their unit cells. The local pentamers of 
SV40 and polyoma superimpose well at the so·called 'two·helix 
contact' (see [8]), but the polyoma pentamer swings out 2.6°, as 
indicated by the curved arrow. The strict pentamer of polyoma shifts, 
with respect to SV40, 5 A away from the origin, as indicated by 
straight arrows. The two hinge positions, A and S, which are discussed 
in the text, are indicated. 
strict and a local pentamer; hinge B is centered at a 
two-helix contact (see [8] for details). The difference must 
be due to structural features in VP1 itself, because 
polyoma capsids lacking the internal proteins and DNA 
crystallize isomorphously with complete virions [15]. We 
believe that substitution of leucine (polyoma) for valine 
(SV40) at two positions in the A interface, as well as sub-
stitution of glutamate for methionine at a third position 
close to it, can account for the different angle of hinge A 
(see following paper). The A interface is the only place in 
the capsid where direct contacts occur between pentamer 
cores: all other pentamer-pentamer interactions involve 
the extended C-terminal arms. Thus, the contacts at A are 
probably critical for determining local curvature. By con-
trast, those at B, which involve only the arm linkages, are 
likely to be more flexible. 
Discussion 
Successful application of the averaging strategy illustrates 
that very high redundancy can, if appropriately used, com-
pensate for the inherent inaccuracies of data from well 
ordered but weakly diffracting crystals. Phase extension in 
the determination of other icosahedral viruses - notably, 
the picornaviruses - has of course demonstrated this 
point previously [16--18], but in general the accuracy of 
the data·that could be obtained was substantially higher in 
many of those examples. The poor merging statistics in 
the higher-resolution bins in Table 1 reflect the overall 
fall-off in diffracted intensity. The small number of strong 
diffraction maxima in those resolution ranges are in fact 
accurately measured, and exploitation of the 30-fold 
redundancy in a significant part of the structure has 
allowed their phase correlations to dominate the refine-
ment process. Careful choice of the averaging envelopes 
was important, in· order to make the 30-fold averaged 
volume as large as possible, without extending it into 
regions not governed by the local symmetry. 
The success of the phase-extension strategy also -illus-
trates that the asymmetry of the surrounding contacts does 
not significantly perturb the core of the VP1 pentamer, 
even though the capsid is quite tightly organized. Like-
wise, the success of the molecular replacement procedure 
for polyoma, in which strict and local pentamers were 
shifted as rigid bodies from their SV40 positions (subject 
to symmetry restrictions) shows that the angle of the link-
ages between the building blocks can vary more freely 
than the building blocks themselves. The capacity to 
adapt in this way is an interesting consequence of a design 
with arm-mediated linkages. 
The difference in pentamer linkages, illustrated in 
Figure 5, results in a slightly larger enclosed volume for 
the polyoma capsid. The genome of polyoma is indeed 54 
base pairs longer than that of SV40, but polyoma VP2 and 
VP3 are shorter by 33 and 30 residues, respectively, than 
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their SV40 counterparts [1]. The particle shapes may, 
therefore, reflect differences in the atomic structures of 
VP2 or VP3, in the actual relative amounts of VP2 and VP3 
enclosed in the capsids, or in the details of minichromo-
some condensation. 
Biological implications 
The capsids of SV 40 and polyoma, small double-
stranded DNA viruses, are constructed of pentameric 
VPl building blocks. Earlier low-resolution work had 
established the outlines of their design without reveal-
ing the underlying molecular basis. The crystallo-
graphic approach presented in this report was used to 
establish the structures for SV 40 and polyoma at near-
atomic resolution. The structures show that the VPl 
pen tamers are very similar in both cases. The archi-
tectural design of the viruses utilizes extended C-termi-
nal arms, rather than extensive subunit interfaces, to 
tie together a particle. The primary interactions 
between pen tamers , mediated by arms, allow for a 
certain flexibility in local curvature. The few extended 
interfaces that are present at pentamer-pentamer con-
tacts appear to be important for fixing curvature and 
for directing the assembly process. They also appear to 
determine a difference in the external shape of the two 
virus particles. Arm-mediated interactions confer 
adaptability upon the pentameric building blocks and 
thus may introduce an important element of flexibility 
in assembly intermediates. 
Materials and methods 
Crystallization, data collection and data processing 
SV40 and polyoma were crystallized as described [2,61. In both cases 
the space group is 123, with 30 VPl monomers present in the asym-
metric unit. The unit cell dimensions are a=558 A (SV40) and a=570 A 
(polyoma). Low resolution (4.5 A) SV40 native and derivative (methyl 
mercury nitrate) data were collected on photographic film on beamline 
Al at the Cornell High Energy Synchrotron Source (CHESS), using a 
wavelength of 1.5 A and an oscillation range of 0.5° per film. Higher 
resolution (3.8 A) native data were later collected at the synchrotron 
source at the SERC Daresbury Laboratory, Warrington, UK (station 
9.6), using a wavelength of 0.88 A and an oscillation range of 0.2° per 
film. Native polyoma data were initially collected at the Daresbury syn-
chrotron, and subsequently at CHESS (beam line Fl), using a wave-
length of 0.9 A and an oscillation range of 0.2° per film in both cases. 
The crystals are very radiation sensitive, and only one high-quality pho-
tograph could be obtained from a given volume of a crystal. Larger crys-
tals could, however, be translated in the beam in order to record more 
than one image. Cooling to -15°C helped prevent spreading of the 
damage to unexposed areas. Data were indexed and integrated using 
the program SCANFILM [19]. The data were scaled and post-refined 
using CCP4 programs [20]. The inherent mosaicity of the crystals is 
very small, and the corresponding parameter for intensity determination 
is in practice determined by crossfire in the X-ray beam (between 0.05° 
and 0.1 ° in the present case, depending on the beam and the size of 
the collimator). Therefore, films with 0.2° oscillation ranges had rela-
tively few fully recorded reflections, and the program ROTAVATA was 
modified to use high-percentage partial reflections for scaling (Table 1). 
Heavy-atom refinement and molecular averaging 
Heavy atom positions were refined using origin-removed Patterson 
coefficients in the program HEAVY [13]. Phase refinement [21-23] 
was carried out using a modified version of Bricogne's programs [121, 
with a quadratic interpolation procedure introduced to permit use of a 
coarser grid spacing (D Filman, personal communication). The coeffi-
cients for quadratic interpolation were the products of a mixed second-
order polynomial function and a Gaussian function. Envelopes were 
generated and displayed with ENVEDIT [24]. 
Model building 
The SV40 model was built into the final 30-fold averaged electron-
density map at 3.8 A using FRODO [14]. The map readily permitted a 
distinction between large and small side chains. Model building was 
facilitated by the known position of the mercury atoms, which helped to 
localize derivatized cysteine residues, and of PtC142- ions, which attach 
selectively to methionine side chains. At a later stage, the preparation of 
a Gd3+ derivative confirmed the location of three acidic residues, which 
we believe are normally ligands for a Ca2+ ion. With the exception of 
the 15 N-terminal residues, the complete VPl polypeptide chain could 
be traced for three of the six VPl monomers in the icosahedral asym-
metric unit. The C-terminal six residues of monomers a and a", and the 
C-terminal 18 residues of 13, are disordered. The crystallographic 
R-factor of the unrefined final model was 0.48 (15-3.8 A, all data). 
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